Abstract: Saponins are bioactive compounds produced mainly by plants but also by some marine organisms and insects. In the recent past, there has been unforeseen interest in the clinical utilization of saponins as chemotherapeutic agents. The research on saponins in various forms as a treatment for cancer has generated a lot of potential. The advent of nanotechnology and the cytotoxicity enhancing properties of saponins are some of the highlights of the current decade. This review gives an updated overview of the clinical potential that saponins hold as cytotoxic agents, and covers the literature for 1957-2011, with the main focus on research conducted in the last decade. It is conceivable that saponins hold a lot of therapeutic potential and could be a lead for identification of synthetic or semisynthetic molecules for the treatment of cancer via membrane-mediated or transport-mediated pathways.
Introduction
Saponins are bioactive compounds produced mainly by plants, but also by some marine organisms and insects. Chemically, they generally occur as glycosides of steroids or polycyclic triterpenes. 1 Because of their lyobipolar properties, they are able to interact with cell membranes and are also able to decrease the surface tension of an aqueous solution. This activity is the reason for the name "saponin", derived from the Latin word "sapo", which refers to the formation of a stable soap-like foam in aqueous solution. 2 According to the chemical character of the aglycone (known as sapogenin), the saponins are divided into steroidal and triterpenoid saponins. Some authors also count the glycosides of steroidal alkaloids and cucurbitacines in the chemical classification of saponins. Steroidal saponins from plants are mainly compounds containing 27 carbon atoms forming the core structures, ie, spirostan (16β, 22:22α, 26-diepoxy-cholestan, Figure 1 and Table 1 ) and furostan (16β, 22-epoxycholestan). 3 In nature, the saponins mainly consist of (25S)-spirostan derivatives ("real" saponins, or neosaponins), (25R)-spirostan derivatives ("isosaponins"), and (25S)-and (25R)-furostan derivatives. There are rare reports of aglycone derivatives from furostan [spirofuran, (22R)-16β, 22:22, 25-diepoxy-cholestan] and pyrostan [(22R)-22, 26-epoxy-cholestan], as well as derivatives of cholestan without a fused O-heterocycle, eg, cholestan-23-on-derivatives or pregnan derivatives. The ring systems A/B/C/D are linked together in the order trans-trans-trans (5α derivatives) or cis/trans/trans (5β derivatives). 4 Table 1 shows the most commonly occurring structures Figure 2 and Table 2 ) and tetracyclic dammarans. Other aglycones of triterpenoid saponins are ursan, lupan, and hopan. The ring systems A/B/C/D/E for oleanan and ursan derivatives are linked together in the order
trans-trans-trans-trans, for lupan derivatives in the order trans-trans-trans-cis, and for the rings A/B/C/D in dammaran derivatives in the order trans-trans-trans.
The broad spectrum of saponins is mainly a result of the varying degree of hydroxylation on the aglycone. The pattern of substituents on the frequently occurring aglycones derived from the oleanane structure of saponins is detailed in Table 2 . The hydroxyl group at position C-3 is found in all structures; very often hydroxyl groups are also reported at positions C-16, C-21, and C-22, and less often in positions C-2 and C-15. The methyl groups in positions C-23, C-24, C-28, C-29, and C-30 can be oxidized to CH 2 OH-or COOH-moieties, and in some cases also to a CHO-group. This is an especially interesting structural element in saponins, with specific effects on pharmacological activity, as reported later in this review. Also reported are the presence of epoxy groups, keto functions, and double bonds between C-12 and C-13. The hydroxyl groups can be acylated, and this leads to the formation of ester saponins. Acidic components in such cases are very often formic, acetic, n-and iso-butyric, isovalerianic, α-methyl butyric, angelic, tiglic, benzoic, cinnamic, and ferulic acid, and, in some cases, sulfuric acid. [5] [6] [7] The monosaccharide moieties of saponins include a broad spectrum of simple sugars, like D-glucose, D-galactose, D-fructose, 3-methyl-D-glucose, D-xylose, L-arabinose, L-rhamnose, L-fucose, D-apiose, and D-chinovose, in addition to D-glucuronic acid and D-galacturonic acid. The sugars often bind in position C-3 via the hydroxyl group as glycosides, or as esters bound via the carboxylic moiety in position C-28.
The best known saponins are secondary metabolites produced in Magnoliophyta, covering both dicotyledons and monocotyledons. However, the majority of saponinproducing species has been found within dicotyledons. Triterpenoid saponins are mainly found in dicotyledons. Approximately 60 families of this taxon produce this type of saponin, including Apiaceae, Araliaceae, Caryophyllaceae, Chenopodiaceae, Fabaceae, Hippocastanceae, Primulaceae, Ranunculaceae, Sapotaceae, and Theaceae. No saponins have been detected so far in Gymnospermae, Coniferophytina, and Cycadophytina.
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Part of the biogenesis of triterpenoid saponins is cyclization of the squalene to dammarans, which are modified by ring openings and/or followed by ring closure via lupans and oleanans to ursans. 4 Terpenoid biosynthesis in plants is strictly compartmentalized and based on the mevalonate pathway. 12 In order to interact with biological membranes, acidic saponins must be bound to at least three monosaccharide moieties, and neutral saponins to at least two sugar molecules. 13 In contrast with cardiac glycosides, most saponins contain branched chains of oligosaccharides, often terminated by pentoses. According to the number of directly bound sugar chains at the aglycone, the saponins are categorized into monodesmosides (one chain), bisdesmosides (two chains), or trisdesmosides (three chains). Further to the structural attributes and chemical classification mentioned above, saponins have been ascribed numerous pharmacological functions. Preclinical and clinical evaluations of saponins with their pertinent role as cytotoxic agents are discussed in this review.
Pharmacological studies
Saponins have been ascribed a number of pharmacological actions, 1,14-16 the important ones being permeabilizing of the cell membrane, 4 lowering of serum cholesterol levels, 17 stimulation of luteinizing hormone release leading to abortifacient properties, 17 immunomodulatory potential via cytokine interplay, 14 cytostatic and cytotoxic effects on malignant tumor cells, 18 adjuvant properties for vaccines as immunostimulatory complexes, 19 and synergistic enhancement of the toxicity of immunotoxins. 20, 21 A number of other activities have been attributed to saponins, and the literature is replete with various pharmacological properties ascribed to the saponins in general. Thakur et al Readers are referred to reviews by Fuchs et al 16 and Podolak et al, 22 in which the authors discuss the use of saponins as cytotoxic agents. In the following section, we elaborate on the mechanism of action of saponins. This has been detailed in some of the recent publications. 15, 19, [23] [24] [25] [26] [27] [28] Interestingly, most of the studies carried out so far have been on extracts rich in saponins, with only a few illustrated for isolated triterpenes or steroidal saponins.
Our primary focus is on some isolated plant saponins. In order to delineate and enhance an understanding of their pharmacology, we have also tried to focus more on cell cytotoxicity and in vivo experimental data. Wherever possible, we have focused on clinical studies carried out for the saponins discussed in this paper.
Saponins as cytotoxic agents
Cytotoxic activity has been described for a number of saponins, and numerous reports of cytotoxic saponins continue to appear in the literature every year. 22, 29, 30 One of the first studies on treatment of tumors using saponins was reported in 1960 by Friess et al. 31 In their study, saponins from the sea cucumber were reported to possess antitumor activity. Following this, more than 400 studies have been reported regarding the saponins and their ability to treat cancer or induce apoptosis. Most of the studies are at the in vitro level, and only 10% of these were performed at the preclinical level, mostly in rodents. It is worth mentioning that most of the compounds were tested in mice, with only 24% of studies being done in human cell lines. The major human cell lines studied have been HeLa, MCF-7, MDA-MB43, Caco-2, and Hep-G2 cells, which are representative of cervical, breast, colon, and hepatic carcinomas, respectively.
One of the problems associated with use of saponins as antitumor agents is their high singular toxicity, which is accompanied with a misleading correlation between in vitro and in vivo data, and complicates the possible use of saponins as cytotoxic agents in the clinical setting. There have been sporadic reports on the structure-activity relationship, providing a possible correlation between the cytotoxic effects and certain structural features. Readers are referred to some interesting research by Gauthier et al. 24, 32, 33 In a recent study by Liu et al, a synthetic derivative of β-hederin was evaluated for its cytotoxic properties in five human cell lines (ie, HeLa, MCF-7, HL-60, HT1080, and Hep-G2). 34 The authors reported synthesis of 13 novel triterpenoid saponins, designed as amide derivatives of the natural cytotoxic saponin, β-hederin, using a stepwise glycosylation strategy. Most of the evaluated compounds showed effective inhibitory activity against at least one tumor cell line at micromolar concentrations. Based on structure-activity-relationships, the authors concluded that amide substitution at C-28 results in highly cytotoxic derivatives for specific tumor cell lines, and also leads to an increase in the antitumor selectivity of β-hederin. Similarly, Gauthier et al have evaluated the lupane-type and oleanane-type saponins from a structureactivity-relationship perspective. 24, 33 Numerous human cell lines were tested, including lung carcinoma, and also normal skin fibroblasts. In the case of oleanane-type saponins, the oleanolic acid derivatives were by far the most active, while hederegenin saponins were not so active. A comparative evaluation of the two studies described here leads us to believe that an amide substitution at C-28 could be a synthetic approach to convert nontoxic hederegenin saponins into more specifically toxic saponins. In general, these reports on the utilization of saponins and assessment of their structure-activity-relationship are interesting, but one of the problems associated with them is the randomized selection of the target cell line. This leads to ambiguity and, therefore, to generalization of the reported effect. Importantly, interpretation of the structure-activity-relationship becomes difficult when a saponin is not studied by different research groups in a similar target cell line.
It has also been unambiguously stated by many authors that the monodesmosidic saponins are in general hemolytic and more cytotoxic than the bisdesmosidic saponins. 35 This is not based on evaluation of a large data set and, therefore, needs to be checked and, if required, corrected in a larger number of saponins. 24 There are reports of certain monodesmosidic saponins being nonhemolytic and noncytotoxic, while contrasting cases have been reported in the case of bisdesmosidic saponins. The problem in the existing literature is the generalizations attempted by numerous authors. It would be critical and important that isolated saponins be individually tested for their structure-activity-relationship and correlation with cytotoxicity. A rapid screening in this regard would more or less provide a preliminary understanding of the mechanism. It is important to note the lack of adequate controls in studies performed on saponins in cell culture. Figure 3 gives a brief overview of the various mechanistic attributes that have been attributed to the saponins and the cellular compartments that they generally affect. While most saponins are reported to be effective in successful death of tumor cells, unless this is validated for normal and nontumor cell lines, the activity remains ambiguous. It is also important to establish the specific nature of the toxicity of saponins in target tumor cell lines by a control experiment in nontarget cells. 17 It is only after the specificity of the saponins is validated in target tumor cells, that the antitumor properties of saponins can be justified.
Cytotoxic saponins in preclinical and clinical settings
Clinical utilization of saponins as cytotoxic agents and their value in the treatment of tumors has not been extensively explored thus far. To reflect the potential applications of saponins as anticancer agents, herein we will consider some of the recent patents awarded for saponins as antitumor agents. 36 Some interesting work has been carried out at the preclinical level in validating the tumor-suppressive properties of saponins. In a study by Gutterman et al, the isolation and partial purification of novel triterpenoid saponins and two pure biologically active derivatives (termed avicins D and G) from Acacia victoriae, an Australian desert tree, were reported. The isolated compounds markedly inhibited growth of several tumor cell lines, with minimum growth inhibition in human foreskin fibroblasts, mouse fibroblasts, and immortalized breast epithelial cells at similar concentrations. The compounds induced cell cycle (G 1 ) arrest of the human MDA-MB-453 breast cancer cell line and apoptosis of the Jurkat (T cell leukemia) and MDA-MB-435 (breast cancer) cell lines. There was a time-dependent partial inhibition of phosphatidylinositol-3-kinase activity in Jurkat T cells and phosphorylation in the downstream protein, Akt, whereas no effect was seen on the Ras/mitogen-activated protein kinase cascade. The authors also reported mitochondrial perturbation, chemoprevention, and inhibition of nuclear factor κB, concluding that triterpenoid saponins from A. victoriae have potential as novel anticancer agents. [37] [38] [39] [40] [41] [42] Furthermore, autophagy-induced cell death which could be regulated by treatment with chloroquine was also tested, and it was concluded that avicin D-induced autophagic cell death can be abrogated by knockdown of tuberous sclerosis complex 2, which is a key mediator linking AMP-activated protein kinase, and mammalian target of rapamycin (mTOR). This validated autophagic cell death in the presence of avicins. 43 Synthetic modifications of saponins have been successfully exploited for the treatment of many experimental tumors. The Sporn research group has been testing synthetically modified saponins in the treatment of different kinds of tumors. Some of the tumor models that have been tested include the treatment of estrogen receptor-negative 
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Thakur et al mammary carcinogenesis by the synthetic triterpenoid, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid methyl ester (CDDO-Me) and the rexinoid, LG100268. These compounds were found to be useful as individual drugs for the treatment of tumors. 44 In androgen-responsive and nonresponsive cancer cell lines (PC3 and DU145, respectively) CDDO-Me induced cell death at nanomolar and low micromolar concentrations. It was found to activate caspase-3, caspase-8, and caspase-9, and to induce poly(ADP-ribose) polymerase cleavage, internucleosomal DNA fragmentation, and loss of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction. [45] [46] [47] There was also an increase in survival time for transgenic mice with experimentally induced pancreatic cancer. The effectiveness of CDDO-Me has also been validated in an experimental tumor model of lung cancer. 48 All the aforementioned studies indicate a potential role of saponins in tumor therapy and prevention of tumor growth. Most importantly, they suggest the future possibility of gaining leads from natural sources and doing some synthetic modifications in the sugar side chain, thus improving the effectiveness of tumor inhibition.
A patent was awarded for utilization of terpenoid and steroid saponins from Quillaja saponaria Molina. The invention described therein encompassed the novel discovery of anticancer agents for clinical applications. It was found to be successful in a number of human cancer cells. Quill saponins were found to be effective, mainly through deconstruction of the cell membrane. Anticancer activity in ex vivo settings was also reported for the extract from the plant Androsace umbellate Merr. The triterpene saponins (saxifragifolin B and saxifragifolin D) isolated from the plant resulted in inhibition of cancer cell growth and also induction of apoptosis. Similar anticancer activity has also been patented for Xanthocera sorbifolia, which is designated as an anticancer biangeloyl saponin.
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Tumor-suppressive effects of saponins
While the individual use of saponins as antitumor agents has been under the scientific scanner for more than 40 years, no single clinically relevant saponin with sole status as a pharmaceutical agent has been approved by the US Food and Drug Administration. An interesting utilization of saponins, which was first reported by Hebestreit et al, was their ability to enhance the toxicity of certain ribosome-inactivating proteins synergistically at submicellar concentrations. 51 The ability for target-cell specific enhancement was then illustrated for a targeted toxin consisting of the epidermal growth factor as the targeting moiety and the ribosome-inactivating protein, saporin, as the toxic moiety. A million-fold enhancement of toxin-mediated cell death was obtained by a saponin mixture from Gypsophila paniculata Linn. The specificity was demonstrated by very low enhancement in a cell line that did not express the target receptor. 52, 53 Studies in vivo in a mouse model were able to corroborate these data, and thus provided further evidence that the saponins can serve as an enhancer of targeted toxins in the treatment of tumors. Other chemotherapeutic agents have also been combined with saponins, which were considered to enhance membrane transportation. Because transportation of drugs to the tumor site is one of the major problems associated with tumor therapy, saponins have been extensively investigated to fill this void. Cisplatin has been used in combination with a number of saponins. The best combination was found to be with ginsenosides isolated from Achyranthes bidentata. 54 Similar effects have also been observed for saponins isolated from Albizia adianthifolia, 55, 56 for which the reported effects have been found to be highly structure-dependent. This was illustrated for Muraltia heisteria, where only two of four isolated saponins exhibited toxicity-enhancing properties.
Interestingly, while on the one hand certain structurespecific effects of saponins from different plants result in toxicity enhancement, ginsenosides isolated from Panax notoginseng have been found to be valuable in preventing cisplatin-induced nephrotoxicity. 57, 58 A processed ginseng mixture known as sun ginseng, which has an increased amount of the ginsenosides unique to red ginseng, was tested. The ginsenosides, Rh4 and Rk3, significantly reduced cisplatin-induced nephrotoxicity in LLC-PK1 cells in a dose-dependent manner. This contrasting role played by certain distinct saponins having a structural variation should be validated for their structure-activity-relationship. It is also worth commenting that many such studies provide a basis for the observed effect, but thereafter there is a void concerning the utilization of these products. In this context, recent approaches to targeting the saponins by using nanoparticulate drug delivery systems could be worthwhile and are now discussed.
Nanoparticulate saponins and their role in cytotoxicity
Although use of the immunostimulating complex matrix formed from Quillaja saponins dates back to the 1990s in vaccine adjuvant technology, their applicability at the clinical level is still not confirmed. In a recent report of a 
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Chemistry, pharmacology, and cytotoxicity of saponins nanoparticulate formulation for Q. saponaria Molina, the authors observed a variation in cytotoxicity and, interestingly, suggested the possibility of clinical utilization of this approach. Hu et al reported that the saponin fractions of Q. saponaria Molina have cytotoxic activity against cancer cells in vitro, but are too toxic to be useful in the clinic. 59 Q. saponaria Molina was bound to cholesterol, leading to formation of nanoparticles and thus the cytotoxicity was reduced. Another interesting strategy of combining saponins bearing an acyl chain with those without an acyl chain has also been reported. While acyl chain particles were used as killing and growth-inhibiting particles, others without the acyl chain were used to formulate so-called blocking and balancing effect particles. In theory, these particles can enhance cytotoxicity on the one hand, and, on the other hand, another part of the particle can reduce the toxicity, thereby balancing the enhancement effects. There were ten cell lines evaluated in this study, ie, THP-1 (a human monoblast cell line), Jurkat (acute lymphoblastic leukemia), U937 and U937-Vcr (human histiocytic lymphoma cell lines), a RPMI 8226/S cell line (a human histiocytic lymphoma cell line and its sublines 8226/ Dox40 and 8226/LR-5), MV-4-11 (a human acute myelocytic leukemia cell line), and CCRF-CEM (an acute lymphoblastic leukemia cell line and its subline CEM/VM-1). In nine of the 10 tumor cell lines, acyl chain saponin nanoparticles showed growth inhibiting and cancer cell-killing activity, while the blocking and balancing effect particles were active only in one cell line. The authors made no molecular observations nor did they observe any analysis of receptor level expression to account for the observed effects, and chose the monoblastoid lymphoma cell line (U937) for analyzing the mode of action. Low concentrations of killing and growth-inhibiting particles (0.5 and 2 µg/mL) induced an irreversible exit from cell cycle differentiation as measured by cytokine production, and eventually programmed cell death (apoptosis). There was a 30-fold higher sensitivity to the tumor cells compared with normal monocytes. Interestingly, they observed a blocking of the cytotoxic effect by the killing and growth-inhibiting particles in a concentrationdependent manner.
While the example cited above gives interesting information about the preparation of nanoparticles using saponins as a matrix, there have been other studies on the utilization of different matrices for the sustained delivery of saponins and their cytotoxic effects. In one such study, Rejinold et al reported use of chitosan nanoparticles loaded with saponins and their ability to fight cancer. The cytotoxicity of the nanoparticles was analyzed in L929, NIH-3T3, KB, and PC3 cells, with no toxicity seen for the unloaded particles in a concentration range of 0.1-1.0 mg/mL, whereas the nanosaponin formulation showed enhanced toxicity in the PC3 and KB cell lines. Internalization of the nanosaponins in L929 and PC3 cells was confirmed by conjugation of the nanosaponins with rhodamine. 60 The authors concluded that nanosaponins could be effective therapeutic agents for cancer.
In our opinion, these studies pave the way forward for utilization of saponins at safer and nontoxic concentrations to elicit a cytotoxic effect. One of the critical points of these two highlighted studies is their inability to show targeted specificity of the formulations when used for cancer cells. Further work on the safety aspect and on the probability of conjugating the saponin particles with ligands specific for receptors that are overexpressed on the tumor surface could be one of the ways forward for saponin therapeutics in the future.
Efficacy of saponins and clinical potential
The number of studies addressing the efficacy of saponins has increased dramatically in the last few years. The structural diversity of the saponins is reflected in their different pharmacological properties and concomitant efficacy in cellular systems. The biological activities of saponins range from the antibacterial, antileishmanial, antifungal, antimalarial, antiplasmodial, antiviral, to the antitumoral. 61 Most of the studies dealing with the biological effects of saponins were performed in vitro. However, the therapeutic and therefore clinical potential of saponins has to be proven in in vivo models. Based on in vitro studies, it is therefore not justifiable to make judgments about the clinical potential of any particular saponin. Therefore, we now focus on the in vivo studies reporting efficacy for saponins in terms of their clinical potential.
Numerous steroidal and tritepenoidal saponins exhibit cytotoxic properties. It is thus not surprising that most of the in vivo studies investigated the antitumor efficacy of the different saponins. This is indeed one of the most promising applications of saponins. For instance, deltonin, a steroidal monodesmosidic saponin from Dioscorea zingiberensis Wright, hampered tumor growth in tumor-bearing BALB/c mice after oral administration. 62 Similarly, timosaponin A-III, a steroidal saponin from Anemarrhena sphodeloides Bunge, slowed tumor growth in a xenograft tumor model in BALB/c-nu mice, 63 and ginsenoside Rg3, from the American ginseng, Panax quinquefolius L, inhibited growth of human colon cancer cells in a xenograft tumor model. 23 Suppressed tumor growth was also observed for other saponins like 51, 52 and several other saponins. 52, 53, [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] A further prominent feature of saponins is their antimicrobial activity. Diosgenyl 2-amino-2-deoxy-beta-D-glucopyranoside was medically active against Staphylococcus aureus and Enterococcus faecalis in a wound model simulating surgical site infections in BALB/c mice. 80 A saponin fraction from the roots of Astragalus membranaceus Fisch with astragaloside IV was found to protect against microbial sepsis in mice from the Institute of Cancer Research.
Another important feature of some saponins is their ability to exert toxicity against different Leishmania spp, such as L. mexicana and L. major. Triterpenoid saponins (PX-6518) from Maesa balansae Mez showed high efficacy against cutaneous leishmaniasis in BALB/c mice. 81 In addition to their prominent adjuvant properties, saponins from Q. saponaria Mol were shown to exert antiviral activity against the rhesus rotavirus in BALB/c mice. 82 In view of the high number of in vivo studies dealing with saponins as anticancer agents now at the forefront of research, it is obvious that the most promising clinical application of saponins could lie in the treatment of cancer. Inhibition of cell proliferation is essential for drug-induced cell death. Ideally, this is facilitated by induction of apoptotic processes, given that apoptosis is a controlled cellular deletion without inflammation. In contrast, necrosis is a degenerative process, which is accompanied by inflammation, rupture of the plasma membrane, and release of cytosolic compounds into the surrounding tissue. Saponins are generally regarded as membrane active-compounds that associate with cholesterol, causing rupture of the plasma membrane and concomitant release of cellular compounds. In general, this is a nonspecific process, which can be classified as saponin-induced necrosis. Due to the biological effects induced by necrosis, it is obvious that necrosis is always accompanied by a high degree of side effects.
From a therapeutic point of view, it is therefore desirable to use saponins that directly induce apoptotic processes or synergistically enhance the antitumor efficacy of other chemotherapeutic or anticancer agents. The clinical potential of any particular saponin is mainly determined by the mode of action by which it induces cell death. For example, echinoside A, a saponin from the sea cucumber H. nobilis Selenka, induced apoptosis and inhibited tumor growth in a nude mouse xenograft tumor model by specifically antagonizing the binding of topoisomerase 2α to DNA, which is based on a highly enzyme-specific interaction. Similar effects were observed for deltonin, 62 alpha-tomatine, 23 and tubeimoside-1.
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In addition to these single treatments with saponins, there are several studies investigating the antitumoral efficacy of combinations of saponins, such as ginsenoside Rh2 or ginsenoside Rg3, with chemotherapeutic agents like paclitaxel. 77, 79 A further promising therapeutic approach is the combination of certain saponins from G. paniculata L. to augment the efficacy of targeted antitumor toxins, which are composed of a toxic enzyme and a binding domain that targets cancerassociated antigens. 52, 84 The underlying mechanism of this synergism is a saponin-mediated modulation of transport processes inside the cell, which facilitates efficient delivery of targeted toxins to their site of action.
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Safety and tolerability
Systematic in vivo studies of the overall safety and tolerability of individual saponin systems are relatively rare. For clinical applications of saponins as, eg, anticancer agents, it is obvious that the saponins should have high tolerance and not cause severe adverse effects. In general, saponins especially triterpene saponins, show acceptable tolerability in rodents and dogs. From our own experience of purified triterpene saponins from Saponaria officinalis L, we saw that a subcutaneous bolus injection of up to 5 mg/kg was tolerated by BALB/c mice without causing harmful effects (unpublished observation). In a 90-day subchronic toxicity study in beagle dogs of the ginsenoside metabolite, protopanaxadiol, the NOAEL (no observed adverse effect level) was determined to be 6.7 mg/kg/day when given intravenously, which corresponds to high toxicological safety. 86 Similar results were obtained for 20(S)-Ginsenoside Rg3, an effective antitumor agent. In beagle dogs, the NOAEL of Rg3 was considered to be 7.2 mg/kg/day via the intramuscular route. 40 A preclinical toxicity assessment of the subchronic toxicity of a dammarane-type triterpenoid saponin with antitumor effect was assessed. Ginsenosides, which are one of the most prominently used saponins, were studied and reported by Liu et al. 87 
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Chemistry, pharmacology, and cytotoxicity of saponins organ weights, and histopathology were examined. In dogs treated with doses of 2.86 or 7.20 mg/kg, hematological investigations revealed a dose-dependent increase in total white blood cell count and neutrophils, but a decrease in the percentage of lymphocytes. These effects were completely reversed during the recovery period, and no other adverse effects were observed. The NOAEL for both male and female dogs were considered to be 7.20 mg/kg/day. This is one of the very few systematic preclinical assessments reported for saponins. It is important to note that the future success of saponins as cytotoxic or antitumor compounds needs to be carefully assessed by suitable preclinical screens. It is also important that proper controls are used, which should include normal human cell lines as an example. It is also obligatory to comprehend the fact that unless a better molecular understanding of the cellular uptake of saponins is characterized, the utilization of saponins as chemotherapeutic agents for cancer would hold lesser potential.
In a subchronic toxicity study of soybean saponins (Glycine max Merill), which exhibited growth-inhibitory effects on tumor cells, the LOAEL was determined to 707.2 mg/kg/day in male F344/DuCrj rats and 751.8 mg/kg/day in female rats after oral administration over 13 weeks. 88 Although there are only a few studies evaluating the tolerance of saponins, it can be stated that most of the saponins appear to be safe, at least at therapeutic concentrations. However, there is a general lack of in vivo toxicological studies investigating the safety of saponins.
Conclusion
Based on the studies so far, it can be concluded that saponins hold a lot of therapeutic potential. It is not only their generalized detergent and cell permeability enhancing properties that are interesting, but also their direct application as cytotoxic and cytostatic agents. With the advancement of nanotechnology, it is surely apt to state that saponins in nanoparticulate form could show a lot of potential therapeutic applications. Synergistic application of saponins in targeted immune toxin therapy also appears to be a step for the future. It is important to mention that there are gaps in the toxicological information about many potential therapeutic saponins, which need to be filled by suitable in vivo assessments. It is also important to note that the specificity of antitumor properties must be carefully assessed, and effective doses should also be tested concomitantly in nontarget cell lines to validate specific antitumor effects. It is certainly worth mentioning that the potential of saponins as cytotoxic agents and their use in tumor therapy holds a lot of promise.
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